Investigation of rotor blade element airloads for a teetering rotor in the blade stall regime by Dadone, L. U. & Fukushima, T.
I 1
D210-I0792-I
September 1974
;]'_- I_'; +
(aagit-Cr.-I _7"_3_4) .,.iV,,,',-u,,.L_._., C.' ,', :_ .....
i:k,.C_-, k._i -_tie ;:I.;,[L a_';_L,k .... .;_a,.. (,','.)' " J
Ve[tol Co., _.i_-_d'_'il k_ .... , ; _') 11_ ,
,..,<.L , I .... t/._ b. _
$5.Z_
INVESTIGATION OF ROTOR BLADE ELEMENT
AIRLOADS FOR A TEETERING ROTOR IN
THE BLADE STALL REGIME
By
L. U. Dadone
T. Fukushima
Distribution of this report is provided in the interest
of information exchange. Responsibility for the contents
resiles in the author or organization that prepared it.
Prepared under Contract NAS2-7229 by
The Boeing Vertol Company
Boeing Center, P.O. Box 16858
Philadelphia, Pennsylvania 19142
for
NATIONAL AERONAUTICS AND SPACE ADMINISTRAT
d
1975004832
https://ntrs.nasa.gov/search.jsp?R=19750004832 2020-03-23T00:36:06+00:00Z
:7
NASA CR-137534 i!
INVESTIGATIONOFROTORBLADELEMENT
%
AIRLOADSFORA TEETERINGROTORIN ,,
THEBLADESTALLREGIME _
By
L. U. Dadone
T. Fukushima
SEPTEMBER 1974
Prepared under Contract NAS2-7229 by
THE BOEING VERTOL COMPANY
Boeing Center, P.O. Box 16858
Philadelphia, Pennsylvania 19142
For
U.S. ARMY AIR MOBILITY RESEARCH AND DEVELOPMENT LABORATORY
Ames Research Center
Moffett Field, California ;_
and i
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
i
1975004832-002
' I i i t
SUMMARY
A test program has been conducted in the NASA-Ames 7 x i0 ft.
low speed Wind Tunnel on a seven foot diameter model of a
teetering rotor. Objectives of the test were:
i. To verify the validity of data obtained for a similar
full scale rotor model previously tested in the
• NASA-Ames 40 x 80 ft. Wind Tunnel.
2. Provide a basis for comparison with blade element
• airloads measured on an articulated model rotor.
3. Provide insight into blade element airloads at
flight conditions of particular interest in under-
standing retreating blade stall•
In addition, a study was conducted to evaluate current rotor
performance prediction methodology through the computer
simulation of selected teetering rotor test conditions.
The present model rotor test showed that in the full scale
Bell test the data was influenced by pressure transducer
acceleration loads which could not be separated from the air-
loads, so that the Bell data is invalid.
The comparison with the articulated rotor data showed the
i teetering rotor to be subjected to less extensive flow
separation, over the 0.75R span station, at similar rotor
._ lift levels. At that station the teetering rotor also
experienced considerably reduced excursions in loads and
' angle of attack.
A review of the detailed events during retreating blade stall
showed that stall, under the influence of unsteady aero-
dynamic effects, can consist of as many as four separate
i ' stall events, each associated with a vortex shed from the
leading edge and sweeping over the upper surface of the
rotor blade.
A detailed study of integrated loads was possible only under
a limited number of conditions because instrumentation mal-
functions generally precluded the computation on such loads.
A number of test conditions was also simulated by means of
current rotor performance prediction methods. The simulation
showed that more knowledge is necessary of unsteady aero-
dynamic effects at model rotor Reynolds Numbers.
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INTRODUCTION
The true nature of the dynamic stall ov¢ _ helicopter rotor
blade in forward flight remains, for the _ime being, one of
the least understood subjects in aerodynamics. At present
the problem is being approached from many different direc-
tions, ranging from theoretical studies to oscillating
airfoil tests and rotor tests. In the near future, hope-
fully, all this work will be combin_.d to generc_e a complete
picture of the role of unsteady aerodynamic effects on heli-
copter rotor blades, thus providing the designer with a
much needed design tool.
The necessity for this test program followed from questions
raised as a result of the articulated rotor test in Reference
2 and the full scale teetering rotor test in Reference 3.
This test has answered some of those questions and has
pointed out areas which should be explored in following
investigations.
This test program was conducted under the direction of
G. Morehouse, Research Scientist at the Ames Directorate,
U.S. Army Air Mobility Research and Development Laboratory.
Dr. J. McCroskey, of the Ames Directorate, and F. Harris
from the Boeing Vertol Company, provided guidance during
the test. R. George, of the Ames Directorate, was respon-
sible for instrumentation and data acquisition. J. McMullen
of The Boeing Vertol Company, carried out the bulk of the
data reduction and W. Capron, also at Boeing Vertol, conducted
the theoretical performance prediction calculations.
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1.0 TEST EQUIPMENT
I.i Wind Tunnel
The test was conducted in the 7 x i0 ft. (2.13 x 3.05 m) low
speed wind tunnel at NASA-Ames, Moffett Field, California.
This tunnel is of the closed-circuit single return type, with
a rectangular test section equipped with solid walls. Max-
imum wind tunnel speed is approximately 400 fps (122 m/sec).
1.2 Rotor Test Setup
The rotor test stand used in this test consists of a hub and
a pylon mounted on a turntable. The turntable itself rests
on a six component balance system Rotor drive and slip ring
assembly are located below the turntable floor. The pylon
can be inclined from 0° forward to 25 ° by remote control.
The hub has been simplifiedby eliminating cyclic pitch
controls, but there are provisions for remotely controlling
the collective pitch.
The blades are set with a pre-cone angle of 1.5 ° . Blade
flapping is measured at the center of rotation by means of
a gear and potentiometer arrangement, and the pitch links are
equipped with strain gauges to measure pitch link loads.
The model rotor in the test section is shown in Figure i.
Details of the rotor hub are shown in Figure 2.
1.3 Rotor
The rotor is a reduced scale version of the modified UH-ID
rotor tested in the Ames 40 x 80 ft. wind tunnel as described
in Reference 3. The basic data for the blades in this test
is:
Airfoil designation NACA 0012
Chord 4.25 in (10.8 cm)
Number of blades 2
Diameter 7.0 ft (2.13 m)
Twist O"
Pre-cone angle 1.5"
Root cutout, r/R 0.119
Solidity 0.0644
Taper Ratio i:i
Blade Lock No.(for one blade) 3.3
Location of pressure
instrumentation, r/R 0.75
+ 2
! i + i
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1.4 Surface Static Pressures
One of the rotor blades was equipped with 16 absolute
static pressure transducers distributed along the 0.75 R span
station. Table I describes the transducer assignment and how
the transducers functioned during the test.
The transducers used in this test were KULITE Model LQL4-125-
25. Their operating range was 0-20 psi, and their sensitiv-
ity was repeatedly checked out in the 0-4 psi range before
and during the test. No change in sensitivity was detected.
Figures 3 and 4 illustrate transducer installation.
1.5 Data Acquisition S_stem
The data acquisition system at the test site was equipped
to handle 28 channels of data, but since the data recording
system was limited to one 14-track recorder, data acquisition
was broken into two consecutive periods. Table II shows the
complete channel assignment and the recording sequence. The
data acquisition system is also illustrated in Figure 5.
During a test run one channel of data at a time from each
of the two recording sequences could be monitored on oscillo-
scopes. All channels could also be simultaneously displayed
on-line on an oscillograph, but sample oscillograph strip-
outs were produced only after each run, or series of runs,
by playing back the data tape.
The balance system to measure rotor performance was completely
independent of the pressure data acquisition system. Balance
data, rotor controls, tunnel conditions, and atmospheric
conditions were recorded separately. A direct link between
the wind tunnel control room and an IBM 1800 computer
provided a rapid evaluation of the rotor performance parame-
ters from the combined balance, rotor, and wind tunnel
information.
For each test point, two thirty-second records of data were
made, one for each recording phase. Rotor performance data
was taken before, during, and after recording to assure stable
flight conditions.
1.6 Data Reduction System
The pressure data and other information recorded on the 14-
channel analog tapes, as described in the previous section,
were transferred to the Boeing Vertol Company for processing
1975004832-016
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1.6 Data Reduction System (Cont'd)
through a system similar to the Boeing Vertol flight test
data reduction system.
From each test point sequence a record of five consecutive
cycles was selected for processing. Each record was first
digitized with a sampling rate of forty-five (45) points per
cycle and then processed through a series of computer
I programs. The steps involved in this process, ranging from
a conversion into engineering units, through harmonic analysis
(twelve harmonics), averaging and final processing into non-
dimensional parameters, are outlined in Figure 6.
The equations and assumptions used in data reduction are
listed in the Appendix.
Finally, reduced data in tabular form and selected systematic
plots of final data are presented in Volume II of this report.
I 4
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TABLE I - TRANSDUCER ASSIGNMENT AND
CONDITION DURING TEST
i - Transducer Chord Surface Recording Condition
Number Station Phase(x/c)
I Out After T P 18 11
1 05 Upper A " " "
l
7o
2 .10 A
3 .1S A
4 .20 A
5 .30 A
6 .40 B
Very Poor After
7 .50 A T.P. 14.13
8 .60 A
9 .70 B
L
lO .80 A
11 .50 Lower B Inoperative at Start
of Test
12 .30 B
13 .20 B
Very Poor After
14 .15 B T.P. 14.13
15 .I0 B Out After T.P. 14.13
Inoperative at Starti 16 .05 B
of Test
5
t ' _ i I i
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TABLE II TAPE RECORDER CHANNEL ASSIGNMENT
AND RECORDING SEQUENCE
CHANNEL RECORDING RECORDING
NO. PHASE PHASE
A B
I i
l TR l TR 9
i i
2 TR 2 TR II
l, llm i
3 TR 3 TR 6
4 TR 4 TR 12
5 TR 5 TR 13
6 TR 7 TR 14
-, i ii
7 TR 8 TR 15
i
8 TIME CODE
mid
9 TR lO TR 16
ii i|
lO ROOT FLAPPING ANGLE
II PITCH LINK LOADS
i i ii i
12 RPM
ii
13 TIME CODE-FM
u
14 VOICE ID +l VOLT D.C.|
EDGE VOICE ID
5
1 I ..................4 i I
I i
i
1975004832-019
I1975004832-020
1 r 1
1975004832-021
SPAN STATION: .75R
PROFILE: NACA 0012
TRANSDUCERS: KULITE LQL4-125-25
RECORDING PHASE
®
I I I I I I
.
0 .2 .4 .6 .8 1.0
X/C
NOTE: TRANSDUCERS11 AND 16 INOPERATIVE
AT START OF TEST.
FIGURE 3 PRESSURETRANSDUCERDISTRIBUTION
9 _
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T --,
DIGITIZED TAPE FROR FLIGHT TEST
M40 DLM PATH
M40 - CALIBRATION PROGRA_
SORT ROUTINE - IN DATA CODE, TEST POINT, CYCLE ORDER
T43JM - HARRONIC ANALYSIS PROGRAH
AVERAGING PROGRAM- HARRONIC DATA
M44 - LISTING PROGRAM
HARMONICANALYSIS TAPE
R05 - EDITING PROGRAM
EDITED TAPE
T33 - HEADER PROGRAH
HEADER INFORMATION ON TAPE
T23 - LISTING PROGRAX
HARMONICANALYSIS + EDIT + HEADER ON TAPE
YS4AMES - PRESSUREBLADE ANALYSIS PROGRAM
FIGURE 6 - DATA REDUCTION SYSTEH
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_. 2.0 TEST PROGRAM
2.1 Summary of Test Conditions
: Objective of this test was the acquisition of the following
data:
(a) Sectional data at the 75% span station for the
rotor in forward flight.
(b) Pressure transducer acceleration tares.
(c) Quasi-steady two-dimensional sectional data•
The test conditions at which the data was finally reduced
and analyzed are shown in Table III. A more detailed summary
of the performaz,ce data is shown in Table IV, in the Appendix.
Some systematic plots and microfiche listings of tabulated
data are included in Volum.e II o_ this report•
A s_bstat_tial portion of the test was devoted to the
acquisition of data on the sensitivity of the pressure trans-
ducers to acceleration loads. A number of different schemes
was tried, but no method was found to successfully shield
the transducers from the flow environment. The original test
plan called for acceleration tare measurements at the same
conditions for which forward flight data was obtained. If
obtained, such data would have been applied to the data
during final data reduction.
The forward flight data can be categorized as followsz
(a) Performance runs to define overall rotor characteristics
(no pressure data).
(b) Matching of selected conditions from the full scale test
described _n Reference 3.
(C) Comparison with articulated rotor test conditions from
the test described in Reference 2.
(d) Variation in tip path plane angle (i.e., propulsive
force) at constant rotor lift to observe the effect of
variations in the rate of change of angle of attack
(da/dt) in absence of stall.
(e) Variation in shaft angle at constant collective pitch,
for comparison with data in Reference 6.
13
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TABLE III SUMMARYOF WIND TUNNEL TEST CONDITIONS
TEST VTIp DESCRIPTION OF RUN OBJECTIVE
POINT CT°/O u (fps)
14.03 .0469 MATCH RqT_R CO_ITROLS REPEAT TEST POINTS FROM
FOR SELECTED POINTS DELL TEST IN REF. 3
04 .1377 .195 FROM REF. 3 TO VERIFY PRESSURE
06 .OS7O .40S COEFFICIENT LEVELS
28S
07 .0546 .38
08 .1234
1_ .0519
.189
13 .1396
17,03 .0675
04 .0878
OS .1023 SHAFT ANGLE SWEEP HATCH CONDITIONS FROM
AT CONSTANT ARTICULATED ROTOR TEST
06 .1119 COLLECTIVE BVMT 054. RUN 28(12.75o) (REF. 2)
07 .1278 .335 SO0
08 .0977
09 .1084
15 .1Z25
16 .0976
17 .0755 VARIATIOH IN TIP STUDY PHENOMENA
PATH PLANE ANGLE ASSOCIATED WITH CHANGES
___'8 ..0747 .335 S_O AT CONSTANT LIFT I_! PROPULSIVE FORCE
,9 .0750 (C T'/0-0. 075)
20 .0757
18.04 .0977 REPEAT OF RUN 17.16 OBTAIH ADDITIONAL
OS .0754 335 SO0 REPEAT OF RUN 17.18 DATA. BECAUSE OF INSTRU-
• HENTATION PROBLENS _|TH
06 .0760 R-'-(PEATOF RUN 17.19 ORIGINAL RUNS
07 .1014 VARIATION IN STUDY HIGH LOADING
COLLECTIVE PITCH AT AT 1.0_ ADVANCE RATIO.
08 .1116 CONSTANT SHAFT ANGLE COMPARETO DATA FROM
09 .1301 .143 285 (Os--10.1 °) REF. 6
10 .1407
11 .162S
12 .0643 SHAFT ANGLE S_[LP
AT CONSTANT
13 .0751 COLLECTIVE PZTCH
14 .08S9 .288 264 (O.TSR'9°) J
I15 ,124116 .1401
14
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2.1 Summary of Test Conditions (Cont'd)
(f) Variation in collective pitch at constant shaft angle,
again for comparison with data from Reference 6.
• Static two-dimensional data was acquired at the end of the
test by mounting the instrumented blade on the turntable
between the turntable surface (flush with the tunnel floor)
and an end plate. The pressure data was obtained at several
angles of attack for two tunnel velocities, V = 145 ft/sec
(44.2 m/sec) and V = 225 ft/sec (68.6 m/sec). The two-
dimensional data provided an estimate of transducer resolution
capability at low speed conditions typical of the environment
over a retreating rotor blade during forward flight.
Hover tests were conducted outside of the Wind Tunnel before
the rotor was installed in the test section. The hover tests
were run only as an initial check of transducer installation
and the data was acquired by direct measurement oF trans-
ducer output on a voltmeter. Manual records were made of
several pressure distributions and it was concluded that the
transducers were functioning normally.
2.2 Test Procedure
(a) Systematic Variation in Blade Controls. Test runs
involving simple variation in controls were carried out
by changing the contrmls to the desired values and then
acquiring the pressure data. Balance and tunnel data
records were made immediately before and after tape
recorder operation.
(b) Matching Pre-determined Flight Conditions. Test runs
involving the match of performance parameters were
conducted through the following steps:
• Set the controls to an estimated value.
• Acquire balance and tunnel data.
• Process data through direct link w_th computer
facility.
• Compare calculated performance data to desired
value.
• If the conditions are sufficiently close to the
conditions to be matched, proceed with pressure data
acquisition. Otherwise, estimate new control values
and repeat starting from the first step.
15
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2.2 Test Procedure (Cont'd)
When the performance parameters to be matched included blade
fi_pping or tip path plane angle, such angle was estimated
from an on-line oscillograph strip-out of the measured root
flapping angle.
2.3 Instrumentation Problems
Since the transducers appeared to be quite insensitive to
acceleration loads, the problems encountered can be attributed
entirely to malfunctions within the transducer circuits.
Two areas were clear y identified:
(a) The Slip Ring Assembly. The wire brushes were repeatedly
damaged by the intense vibratory loads present when the
rotor was flown through stall.
(b) A Faulty Relay. The relay circuit switching the trans-
ducer lines from recording Phase A to recording Phase B
was also damaged by the vibratory loads, and eventually
it started operating intermittently.
From the beginning of the test, transducers No. ii and 16
were completely inoperative. The other transducers held well
through the runs in which the Bell test data was repeated
(tape 14) because of the low loads involved. When the tip
speed was increased to 500 fps (152.4 m/sec) to match the
conditions from the Vertol test, the resulting vibratory
loads became considerably larger and several of_the trans-
ducer output signals started degenerating rapidly. By the
end of the runs at a tip speed of 500 fps (T.P. 17.17 to
17.19) several of the upper surface transducers and all but
one of the lower surface transducers began to operate
intermittently.
Some of the connections were then restored, but within a few
runs all the lower surface transducers were again inoperative.
This affects all the data taken to match the Landgrebe data
from Reference 6. (T.P. 18.07 to 18.16)
As a result of these malfunctions the usefulness of the data
was somewhat reduced. Whenever a transducer signal suarted
drifting, the drift would produce large fluctuations in the
computed pressure coefficients, which then contributed to
erroneous integrated normal for_e and pitching moment co-
. fficients. In some cases the number of malfunctioning trans-
ducers was sufficiently small to allow deleting them from the
16
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, 2.3 Instrumentation Problems (Cont'd)
final integration, but for most of the test all but one of
the lower surface iransducers were inoperative and a reason-
able approximation of lower surface pressures was very
difficult to produce.
2.4 Data Reduction
The analog tapes containing the pressure, flapping, and pitch
link load information were transferred to Boeing Vertol. At
Vertol the data was scrutinized for bad data samples,
digitized, converted to engineering units, harmonically
analyzed over twelve harmonics, and finally processed through
a data reduction program which combined the pressure data
with other test information and computei all the necessary
non-dimensional parameters. The data reduction path is
illustrated in Figure 6.
Because of the problems outlined in the previous section
the final data reduction program had to be re-run a number
of times to delete tho_e pressure values which were clearly
erroneous.
2.5 Data Analysis
Data anal_ sis was carried out after the test information was
processed through the same final data reduction program used
for the test data of Reference 2. Because of differences in
rotGr instrumentation the computer program was considerably
simplified. Specifically, the present test did not have
provisions for root-torsion, angle of attack, and skin-
friction gage measurements, all of which played an important
role in the articulated rotor test of Reference 2.
In the present test, one of the two blades was instrumented
with p_essure transducers as described in section 1.4. Since
the pressure instrumentation did not extend to the trailing
edge, an engineering approximation similar to the one used
in Reference 2 was used to simulate the pressures all the way
to the trailing edge. Near the end of the test, when the
lower surface instrumentation started malfunctioning, an
additional approximation was tried by fixing the stagnation
point on the lower surface at the 0.05c station, but this was
not always enough to allow the integration of reasonable
normal force and pitching moment coefficients.
It should be pointed out that even when all the transducers
functioned well, the lack of lower surface pressure ports
17
• J I
1975004832-030
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over the aft _0% of chord caused the integrated forces and
moments to be somewhat underestimated, because some unsteady
aerodynamic effects could not be accounted for. This is due
to the fact that the differential pressure across the aft
portion of an airfoil in an unsteady environment will exceed,
at times, the corresponding quasi-steady differential pressure
level. If this increase in loading was due entirely to an
increase in upper surface velocities, than, to a first order
of approximation, upper surface measurements alone would be
sufficient. But from all indications, the increased loading
is shared by both surfaces. This could be deduced from the
fact that the pitching moment integration was consistently
missing nose-down components which could only be contributed
by the lower surface. As a result, the calculated pitching
moments are generally in the nose-up direction.
A further verification of this will be discussed later in the
comparison with the Bell data.
The engineering approximation used to reduce the data was
the same used in the articulated rotor test in Reference 2.
In such approximation the missing pressures are simulated
with a parabolic distribution which passes through the
furthest aft measured pressure on each surface and has an
infinite slope at the trailing edge, i.e., dCp/d(x/c) =_
at x/c = _.0 where Cp is defined as zero. The equations for
these parabolic distributions are as follows:
UPPER SURFACE
_0j8
LOWER SURFACE
Cp = Cp(×/C-._)_-_' for x/c 70.3
Such approximation would have been more successful if the
pressure transducers at x/c - 0.8 on the upper surface and
at x/c - .3 on the lower surface had functioned normally.
Pressure data was reconstituted at 5-degree increments of
azimuth from the averaged harmonic data. The computation of
the aerodynamic coefficients from the measured pressures was
carried out in two different ways. The first way involved the
18
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integration of just the measured pressures, without the
engineering approximation discussed above. In this case
the pressure coefficient was assumed to be zero aft of the
80% chord station on the upper surface and aft of the 30%
chord station on the lower surface. The second way utilized
the engineering approximation to simulate the pressures over
the portions of the airfoil which were not instrumented.
The trapezoidal technique was used for the integration of
the pressure data. All aerodynamic coefficients presented
in this report were computed using the engineering approxi-
mation. A complete listing, in microfiche form, of the blade
element aerodynamic coefficients every five degrees of azimuth
position for every test point listed in Table IV, with and
without the approximation applied, can be found in Volume II
of this report. Volume II can be obtained by contacting
G. Morehouse, Research Scientist, of the U.S. Army Air
Mobility R&D Laboratory at Moffett Field, California.
Calculations based on classical rotor theory, Reference 4,
using the measured blade flapping were made to determine the
blade velocity environment and the local dynamic pressure at
the J/4 span station. This quantity was then used to non-
dimensionalize the measured pressures. The non-dimensional
pressure coefficients were then integrated to produce the
necessary aerodynamic coefficients.
Approximate angles of attack were also calculated from the
static airfoil characteristics by means of the following
expression:
66 =C_°YNAM'c-CN_=_)sTanc(dC/d s
but such angle of attack values are of very limited usefulness
and they cannot replace angle of attack estimates obtained
from direct flow measurements.
Other blade environment quantities were also calculated.
A complete description of these quantities, as well as
details of their calculations, is enclosed in the Appendix.
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3.0 TEST RESULTS AND DISCUSSION
3.1 Non-Rotatin @ (Static) Tests
Airfoil characteristics at angles of attack through stall at
: static conditions were obtained by mounting the instrumented
t blade in a two dimensional rig. The static data was acquired
i at two velocities, V = 145 ft/sec (44.2 m/sec) and V = 225
ft/sec (68.6 m/sec), to determine how well the instrumenta-
tion could measure pressures at low velocities representative
of the flow environment of the retreating blade.
Pressure data was acquired at selected angles of attack
between -20 ° and +20 ° . Data repeatability was influenced
by the difficulty in setting an angle of attack to exactly
the same value again.
Since the airfoil section is symmetrical, complete pressure
distributions were obtained by superposing data at angles of
attack of 6° with -6 ° , and 12 ° with -12 ° . Such superposition
is illustrated in Figures 7 and 8 for V = 145 ft/sec (44.2
m/sec) and V = 225 ft/sec (68.6 m/sec) respectively.
Pressure distributions at and beyond stall at V = 225 ft/sec
(68.6 m/sec) are shown in Figure 9.
At V = 225 ft/sec (68.6 m/sec) corresponding to a Reynolds
Number Re = 4.75xi05 and a Mach Number M = 0.2, the available
pressure distributions show that the maximum normal force
occurs at an angle of attack between ii ° and 12 ° with a value
of CNMAX = 0.93. The lift curve slope at low lift levels was
estimated to be dCl/ds = 0.095 Deg -I.
The maximum normal force measured in this test agrees remark-
ably well with other measurements on the NACA 0012 summarized
in Reference 7.
For comparison, the two-dimensional tests of the cambered
section used on the articulated rotor test of Reference 2
showed that the V23010-1.58 at a Reynolds Number Re = 3x105
has a lift curve slope dCl/da=0.10 Deg -I, a maximum normal
force CNMAX = 0.92, and a stall angle of ii °, measured from
the zero lift value.
3.2 Hover Test
A number of hover conditions was run in a laboratory area
prior to installation into the test section of the 7 x i0 ft
20
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3.2 Hover Test (Cont'd)
wind tunnel. The hover test was run to check out the trans-
ducer installation and to determine transducer sensitivity
to centrifugal loads.
The part of the test devoted to isolating centrifugal loads
gave inconclusive results because of the difficulty in sealing
the transducers. It can be assumed, however, that centrifugal
accelerations had negligible effect if we compare the
measured pressure distributions with theoretical quasi-steady
pressure distributions, as illustrated in Figure i0 for one
condition.
During the hover test a limited amount of data was obtained
by reading transducer output voltages directly on a voltmeter.
No hover performance data was taken in the laboratory area
because the balance system is part of the Wind Tunnel. After
the rotor was installed in the test section, hover data was
not acquired because of wall proximity and recirculation
effects.
3.3 Forward Flight Acceleration 'rares
After the rotor was installed in the test section a substan-
tial amount of testing was set aside to determine the best
way of sealing the transducers and acquiring acceleration
tares.
A number of unsuccessful schemes was tried.
(a) Sealing the pressure ports with single and double layers
of tape.
(b) Laying down small discs of metal over the pressure ports
before applying layers of tape. This was done to avoid
any tape deflections ("oil-canning") caused by the
varying pressure in the flow environment.
(c) Applying a sealing compound around the edge of small
metal discs, and then applying layers of tape.
(d) Applying various arrangements of fiberglass sleeves
over the layers of tape covering the transducers. Both
sealed and ventilated sleeves were used.
No matter what sealing method was used, the transducers did
not show any measurable response at the lower rotational
24
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-- l • • i i im
velocities (400 to 700 RPM). At rotational velocities above
1000 RPM the transducers started to pick up what appeared to
be dynamic pressure fluctuations and finally, with increasing
rotational velocity, the seal would either start leaking very
significantly or it would break off entirely. The whole
effort of obtaining acceleration tares was stopped after a
few data points were taken to match the full scale data of
Reference 3.
3.4 Comparison with Bell Datla
The first objective of this test program was to determine the
validity of the unexpected shifts in pressure coefficients
measured over a set of full scale Bell blades, as reported in
Reference 3. The resllts of the present test indicate that
such shifts were not correct, and that the transducers
employed on the full scale rotor were very sensitive to
acceleration loads.
Figure ii illustrates the difference between the full scale
data from Reference 3 and the data from this test at a
condition for which the shift in the full scale data was
very significant. Figure 12 shows another comparison for a
case in which the levels of the measured pressures are much
closer. Although there is a discrepancy in the pressure
levels, in both cases the differential pressures across the
section appear consistent.
The comparison of Figures II and 12 also explains why in the
present test the integrated loads are somewhat low. This is
especially significant for the pitching moment coefficients
which appear shifted in the nose-up direction because of the
lack in lower surface instrumentation. The engineering
approximation used to simulate the lower surface pressures
does not account for the additional loading associated with
unsteady aerodynamic effects, and for this reason, the
calculated pitching moments, particularly before and after
stall, are generally inaccurate.
Figures 13, 14, 15 and 16 compare the integrated normal force
and pitching moment coefficients from this test and the full
scale test of Reference 3. Since in the present test there
was no provision for cyclic pitch control, test points from
Reference 3 requiring lateral cyclic could not be repeated.
However, the test conditions requiring only longitudinal
cyclic were matched by replacing it with an increment in
shaft angle.
26
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The nominal test conditions for the data shown in Figures 13
through 16 are summarized below:
7 F_. Rotor Full Scale Bell
Rotor
,i w i , i - --
Fig _ VT ®.75R T.P. CT'/_ R T.P. CT'/_
fps ....
13 .2 285 3.13 ° 14.03 .047 -.065 2.02 .051 -.093
14 .2 11.08 ° 14.04 .138 -.425 2.04 .144 -.389
15 .4 3.03 ° 14.07 .055 -.029 2.10 .062 -.054
16 .4 _r 8.15 ° 14.08 .123 -.150 2.12 .128 -.164
where the data for the full scale Bell rotor has been taken
from Reference 9.
The integrated loads confirm the trends already pointed out
in comparing individual pressure distributions:
(a) The normal force levels in the present test are generally
lower than the levels measured in the full scale tests
of Reference 3. Most of the difference must be due to
incomplete integration caused by the absence of lower
surface pressure instrumentation.
(b) That uompared to the full scale data the pitching
moments in this test are always off in the nose-up
direction.
A comparison of pitching momente from the two tests, however,
reveals also substantial differences in stall behavior which
cannot be attributed entirely to the lack of lower surface
instrumentation. Particularly significant are the differences
in the stall events illustrated in Figures 14, 15 and 16.
In Figure 14, the model rotor of this test i8 shown to undergo
a double o_all, clearly visible in both normal force and
pitching moment, which is not present at all in the full
8cal_ data. The full scale data shows a moderate lift stall
eve_t but, except for a gradual shift of the pitching moment
coefficient in the nose-down direction, there is no sign of
an abrupt pitching moment stall.
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Figure 15 shows another discrepancy between model scale and
full scale data, except that in this case it is only the full
scale data that shows evidence of stall. The pressure
distributions at the ¥ - 270 ° azimuth location for this
partlcular condition are compared in Figure 11. From Figure
11 it is quite clear that the lack in lower surface instru-
mentation on the model blade i8 the reason why the loading
across the aft portion of the blade section was underesti-
mated, resulting in a large error in the calculated pitching
moment coefficients.
Finally, Figure 16 shows agreement between the model rotor
and the full scale rotor at least to the extent that both
rotors stall. However, the model scale rotor displays a clear
double-stall event which is completely absent in the full
scale data.
The azimuthal variation in pressure distributions for a test
condition in which stall was observed i8 shown in Figure 17.
At thl8 particular condition (T.P. 14.04) full stall recovery
does not take place until the blade has returned to y - 20 °
in the first quadrant.
3.5 Comparison with Articulated Rotor D%ta
(Test Points 17.03 to 17.07, M - .34, VT - 500 fps
(152.4 m/sec),e0.?5 R - 12.75 e)
This portion of the test was run at conditions selected to
allow a meaningful comparison between teetering and articu-
lated rotors.
The articulated rotor test, documented in _eference 2, was
conducted with geanetrically scaled models of production
CH-4?B blades. Such blades were tested on a three-bladed
rotor system configuration with conatant chord and a linear
twist variation along the span. The airfoil used on the
CH-47B Is the V23010-1.58, a cambered airfoil similar to the
NACA 23010 with the leading edge radius of the NACA 23_12.
The basic data for the two rotors isz
Teetering Articulated
Rotor Rotor
Airfoil Designation NACA 0012 V23010-I.58
Chord 4.25 in. 3.367 in.
(10.79 an) (8.55 cm)
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"_ 3.5 C_om_parison with Articulated Rotor Data (Cont'd)
Teetering Articulated
Rotor Rotor
Radius 3.5 ft. 4.0 ft
(106.7 cm) (121.9 cm)
No. of Blades 2 3
Twist 0 ° -10.8 °
Root Cutout .II9R .192R
Solidity .0644 .067
In addition to absolute pressure transducers at the 0.75R
station, the articulated rotor model included skin friction
gages to study boundary layer separation effects, differen-
tial pressure transducers calibrated to measure the instan-
taneous angle of attack, and strain gages to measure root
torsion.
Because of the reduced amount of instrumentation in the
present test, the two rotors can be compared only on the
basis of integrated pressures as measured at the 0.75R
station.
The basic performance data for the two rotors is compared
in Figure 18. Both rotors were tested by varying the shaft
angle at constant collective pitch. The top portion of
Figure 18 compares the two rotors on the basis of rotor lift,
CT'L , and tip path plane angle. The teetering rotor did not
,U
achleve as high a lift level as the articulated rotor because
beyond CT'/o = 0.128 the teetering rotor vibrated so violently
that without any instrumentation to monitor blade loads, it
was considered unadvisable to further increase the lift.
Rotor lift and power data is compared in the bottom part of
Figure 18. However, a comparison of actual power levels
between the two rotors is not possible with the data
presently available because, for the teetering rotor model,
the frictional losses in the drive mechanism have been
estimated only approximately.(1) The power measurements,
(i) A comparison with theoretical performance predictions
indictes that the power measured is low.
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3.5 Compariso n with Articulated Rotor Data (Cont'd)i t i
qualitative as they were, indicate that the teetering rotor
encountered significant amounts of separated flow at lift
levels about CT'/_ = 0.08. The power requirements for the
articulated rotor increase at about the same lift level, but
at a significantly reduced rate. This difference could be
attributed to the combined effects of blade twist and
sectional characteristics.
Root flapping angles for the two rotors are compared in
Figure 19. The top portion of Figure 19 shows the flapping
angles for the teetering rotor, including the pre-cone angle
of 1.5 °, and the bottom half shows the flapping angles for the
articulated rotor, significantly reduced in amplitude at
comparable lift levels because the articulated rotor operated
with almost 5 ° of longitudinal cyclic, which reduced the
flapping amplitude necessary to match the tip path plane
angle.
Integrated normal force time histories are compared in Figure
20. At high lift levels both rotors display the "double stall"
behavior observed in the previous section with the data
matching the Bell test conditions. Such effect is more
pronounced on the teetering rotor at lift levels above
CT'/_ = 0.ii, although the articulated rotor displays a large
number of small fluctuations at azimuth angles beyond
= 300 °.
There are also significant differences in the maximum attained
value of the normal force. On the articulated rotor the
maximum normal force coefficient is about CN = 2.9, ar+_ all
CN peaks occur at 230 ° < T < 250 ° . On the teetering rotor
maximum normal forces occur at 230 ° < _ < 285 ° (CT,/_ = 0.i0)
after which it occurs progressively sooner with increasing
lift (¥ - 255 ° for CT'/O - 0.128). The maximum normal force
measured on the teetering rotor in this run sequence is
CN - 2.05. With increasing lift the secondary CN peak also
grows in magnitude and occurs earlier.
The difference in the maximum attained normal force coeffi-
cient could be attributed to any of the following causesz
(a) Differences in the maximum lift capability between the
NACA 0012 and the V23010-1.58 airfoil sections.
(b) Incomplete normal force integration.
(c) Unsteady aerodynamic effects.
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• 3.5 Comparison with Articulated Rotor Data (Cont'd)
(d) Differences in angle of attack environment.
At full scale Reynolds Numbers (i.e., with a 25.25 inch chord
on the CH-47B rotor) the difference in maximum lift capa-
bility between the V23010-1.58 and the NACA 0012 is _CNMAX "
0.5, at M = 0.2. At the reduced Reynolds Numbers of these
tests the static data show no difference in the low Mach
Number maximum lift capability of the two sections. Specif-
ically, at M = 0.2 the Reynolds Number and maximum normal
force coefficient for the NACA 0012 were Re - 4.75xi0 _ and
CNMAX " 0.93, and for the V23010-I.58 Re - 3.75xi05 and
_u_ = 0.92. At Mach numbers about M a 0.4 the V23010-1.58benefit of camber eff cts over the NACA 0012, but the
Mach Number environment at the 0.75R span station over the
retreating blade is too low to justify any significant
differences in the static maximum lift capability (at ¥ -
225 ° the local Mach Number is just M = 0.24, and at ¥ - 270"
it is M = 0.19).
The incomplete integration due to the lack in lower surface
instrumentation will vary azimuthally as a function of chord-
wise loading, but it probably amount8 to an error in normal
force -0.2 <4 CN < -0.I.
Since items (a) and (b) above do not contribute significantly
to the observed differences in the maximum normal force co-
efficients, these differences may be due to some combination
of flow environment and unsteady aerodynamic effects. The
single most significant difference in rotor environments is
an increment of about 4.0" i_ first harmonic flapping, with
the teetering rotor undergoing the larger flapping excursions
(Figure 19).
Without taking into account any differences in elastic
deflections (both in torsion and flap bending) between rotor
blades, it is obvious that the blade undergoing larger
flapping excursions will expereience a larger reduction in
local angle of attack as the blade moves u_with respect to
the disc plane, such as is the case for the teetering rotor.
Since the teetering and articulated rotors were considerably
different in controls as well as blade stiffness and airfoil
sections, it is not feasible to separate the combined effect
of pitching and plunging motions on the sectional dynamic
stall characteristics.
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3.5 Comparison with Articulated Rotor Data (Cont'd)
Pitching moment coefficients are compaTed in Figure 21. The
integrated values for the teetering rotor display a nose u9
shift of approximately A Cm = +0.05 due to the lack of lower
surface instrumentation aft of the 0.30c station, but the
pitching moment data is generally consistent with the normal
force data.
First of all the pitching moment displays the same "double
stall" character as the normal force. This is not surprising,
since partial flow reattachment implies that the center of
pressure has moved forward and so the pitching moments about
the quarter chord will be reduced.
Quite predictable is also the fact that pitching moment stall
precedes the normal force stall. This stall character is
well known and consistently displayed by two-dimensional
airfoil data. What is somewhat surprising is that on the
articulated rotor the maximum pitching moment after stall is
attained almost concurrently with the maximum normal force,
while on the teetering rotor the maximum pitching moment lags
the maximum normal force by _T_ 20" to 30 ° . On the teetering
rotor such shift is _ess evident for the "second stall",
although then CN lags CMMA X by AT = 10 ° at the highest rotor
lift (CT'/_ - 0.128). It could be, of course, that such
apparent lag is due to incomplete integration.
Another phenomenon which cannot be entirely attributed to
incomplete integration is the magnitude of the largest
pitching moment after stall. Such pitching moment levels are
substantially reduced on the teetering rotor when compared to
the articulated rotor, but we can justify such changes from
unsteady aerodynamic considerations. The oscillating airfoil
data from several sources (e.g., Reference 1) show that at a
fixed reduced frequency of oscillation (sinusoidal forced
pitch oscillation for the test in Reference 1) the maximum
pitching moment after stall will increase with increasing
amplitude of oscillation. If we assume again that the two
rotors have sections with approximately the same lift curve
slope, then we can see from Figure 20 that the articulated
rotor was subjected to greater excursions in angle of attack
than the teetering rotor, and this, translated into a larger
effective amplitude of oscillation, would justify the increase
in maximum pitching moment.
A rough estimate of the angle of attack excursions, obtained
by dividing maximum normal force values by a nominal lift
curve slope, is sketched below:
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I 3.5 Comparison with Articulated Rotor Data (Cont'd)
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Finally, Figure 22 compares the stall events for the two
rotors by comparing loops of the pitching moment coefficient
plotted against the normal force coefficient over a complete
cycle. This kind of data presentation offers some additional
insight into the relationship between normal force and
pitching moment stall, and it also shows very strikingly the
"double stall" behavior already discussed in conjunction with
the normal force and pitching moment time histories. An
example of such double stall has been observed on two-
dimensional oscillating airfoil data and it is reported in
Reference 5. Comments pertaining to the various aspects of
the stall events have been already made. This kind of plot
illustrates well the fact that in this teetering rotor test
the maximum negative pitching moment was attained after a
considerable amount of normal force had already been lost,
while on the articulated rotor the maximum normal force and
the maximum lift occurred almost simultaneously.
Time histories of upper surface pressures for test points
17.03 through 17.07 are shown in Figures 23 to 27. The
pressures shown were measured at the 0.050, 0.10c, 0.30c,
and 0.80c stations. Of greater interest of course ere the
conditions in which stall is present, i.e., test points 17.05,
17.06, and 17.07.
In general, the pressure data confirms the trend, observed
in Reference 2, that the first event in stall is the collapse
of the leading edge pressure peak, followed by the attainment
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!3.5 CompariBon with Articulated Rotor Data (Cont'd)
of CNMAX, and then followed by CMMAX. The leading edge
pressures also show the partial reattachment and secondary
stall ev6ntJ displayed by the normal force and pitching
moment time histories, although they also reveal secondary
stall events not readily visible in th_ integrated loads.
Such events will be discussed shortly, after completlng the
comparison with the articulated rotor data.
Figure 28 compares some of the stall events on the teetering
rotor to stall events from the articulated rotor test. The
overall stall boundaries were obtained qualitatively from the
pressure distributions presented in Volume II. The two rotor
systems present two main differences at the 0.75R station:
(a) The teetering rotor stalls later and possibly at a hi_her
rotor lift level than the artic_lated rotor. The
teetering rotor also appears to reattach sooner, but
that is not a clear-cut judgement because of the lack
of skin friction gages.
(b) The phase shift between the collapse in leading edge
pressure and the attainment of CNMAX is comparable on
the two rotors. However, as already mentioned, the lag
between maximum attained pitching moment and maximum
normal force varies substantially: such lag is about
_ - 20 ° for the teetering rotor and less than _ - i0"
for the articl_lated rotor.
Such difference could be attributed to two causes_
• A difference in the type of stall, since the V23010-1.58 can
stall from the leading edge more abruptly than the _ACA 0012.
(Although at the low Reynolds Number environment cf the
model rotors very abrupt leading edge stall is not likely
to occur. The static data is not sufficiently 6omplete
to resolve this question.)
• We have already observed that the articulated rotor under-
goes larger excursions in angle of attack th_ the
teetering rotor. Since the time span over which such angle
of attack excursions occur _s the same, this simply means
that stall events on the articulated rotor occur at faster
rate than on the teetering rotor.
Unfortunately a true angle of attack comparison cannot be made
with the data available.
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3.5 Comparison with Articulated Rotor Data (Cont'd)
The time histories of pressure distributions can also be
used to visualize how the vortices, generated when the
leading edge velocity collapes, sweep over the upper surface
from the leading edge to the trailing edge.
Flow visualization studies, such as re_orted in Reference 5,
for sections in sinusoidal pitch oscillation, show that as
the lift is lo_t because of leading edge separation, the
circulation around the airfoil is adjusted Dy shedding a
vortex. Such vortex travels along the airfoil at a velocity
which is a function of airfoil reduced frequency. On the
surface of the airfoil the passing of such vortices will
cause a measurable variation in velocity sweeping along the
chord. Figure 29 illustrates the propagation of the velocity
peak due to the vortex associated .,ith the main stall event.
It can be seen that the velocity of propagation, i.e., the
slope of the curves, does not vary much with rotor lift, and
that the most significant lift effect is the azimuth angle
at which the vortex ks shed.
Going back to the pressure time histories, it is worth making
one more observation. The pressure data reveal a much more
complex series of events than could be seen from the integrated
normal force and pitching moment time histories. Essentially,
the integrated loads show two stall events, referred to so far
as "double stall." However, Figures 25, 26 and 27 show that
there is a partial collapse in the leading edge pressure
anywhere from 30 to 50 degrees in azimuth before reaching
CNMAX. Even such incomplete stall, occurzing at & • 0,
sheds a vortex causing a detectable pressure fluctuation
over the airfoil surface.
Figure 27, showing the pressure time histories for the
highest rotor lift level in this run, reveals that there are
additional secondary fluctuations which could be associated
to vortex shedding before flow reattachment. (On the artic-
ulated rotor such secondary fluctuations were observable
from the integrated loads time h_stories.)
Now we have four clearly identifiable stall events, two of
which are clearly visible from the integrated loads.
(a) A #emporary loss in lift, occurring at 190 o < T < 220 °
while the angle of attack is changing at a positive rate
of change (6 > 0).
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3.5 Comparison with Articulated Rotor Data (Cont'd)
(b) The main stall event, in the course of which the normal
force attains the largest value. In all probability
this stall also occurs at & > 0. In this sequence of
test points CNMA X was always reached at _ < 270"
(c) A secondary stall clearly detectable from the integrated
loads occurring at & < 0. This stall follows the same
sequence of events as the main stall. For instance, at
the highest rotor lift (test point 17.07) this stall
still follows the same sequence illustrated in Figure 28,
i.e., first the collapse in leading edge suction (_ =
310°), then the attainment of a secondary CNM_x (_ =
325°), and finally the attainment of the secb_ maximum
pitching moment coefficient, (T = 335°).
(d) A fourth stall fluctuation, at & < 0, evident only at
the highest rotor lift (Test Point 17.07). This last
event (at ¥ = 345 °) is followed very closely by complete
reattachment in the first quadrant.
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3.6 Variation in Propulsive Force at Constant Lift
(Test Points 17.17 to i_.20, _ = .34. VT = 500 fps,
CT'/O = .075)
In this run the tip path plane was progressively tilted back
from the position for highest propulsive force (T.P. 17.17)
through nearly zero (T.P. 17.19) and finally a negative
propulsive force level (T.P. 17.20).
Figure 30 shows performance data, Figure _i flapping angles,
Figures 32 through 35 the time history of the pressure co-
efficienta at the .05, .10,.30 & .80 chordwise stations. The
only notable event to be seen in the pressure time histories
is the unstable behavior of the pressure coefficient at
x/c = .i0 over the retreating side.
The objective ol this run was to observe the effect of
variations in the rate of change of angle of attark (da/dt)
in absence of stall. No such effect was visible in the data,
but because of instrumentation problems too many transducers
._ere out of order at the time these test points were taken,
so that the integration for normal force and pitching moment
could not be carried out.
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3.7 Collective Pitch Variation of Constant Shaft Angle
(Test Points 18.07 to 18.11, _ = .143, VT = 285 fps,
as = -i0.i ° )
This test run covers T.P. 18.07 through 18.11. Part of the
conditions selected was close to one set of conditions
presented by Landgrebe in Reference 6. Conditions at much
higher rotor lift were also included.
Again, because of instrumentation problems, no integrated
loads are presented, but the time histories of selected upper
surface pressures are sufficient to draw at least some con-
clusions. Performance data is shown in Figure 36, blade
flapping in Figure 37, and the pressure time histories in
Figures 39 through 43.
All the test points taken in this r_n include some degree
of stall. The stall behavior ranges from simple stall, at the
lower thrust levels, to a more complex series of fluccuations
indicating three or four vortex shedding events. Such
vortices sweep over the upper surface and cause substantial
velocity fluctuations in the trailing edge region.
Actually we could divide the stall events into two categories,
one indicating the shedding of several vortices, as evidenced
by the velocity build up at the trailing edge, and the othez
characterized by a collapse in the leading edge pressures
followed by the shedding of a ve_+ weak vortex, if it is a
vortex at all and not just a separation "bubble" which is
still fairly evident at 10% of chord, but the effect of v,hich
vanishes beyond the 30% chord station.
While the collapse of the leading edge velocities is a clear
indication of stall, it is not clear what criteria should be
used for complete reattachment. Other testE availed th,_:LL-
selves of skin friction measurements for such purpose. At
the lower thrust levels (T.P. 18.07 and 18.08, with CT'/O =
.1014 and .1116 respectively) we can probably assume that the
leading edge pressure peak following the collapse of the first
peak is actually a sign of reattachment. This reattachment
occurs later and later with increasing rotor lift, until, at
the highest lift levels, it takes place only when the blade
has moved into the first quadrant. The re-establishment of
low velocities at the trailing edge (x/c = 0.80) qualitatively
agrees with the re-establishment of high l_ading edge veloci-
ties, and it indicates that the flow is fully attached again.
These events are shown in Figure 38, with a comparison to the
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3.7 Collective Pitc h Va!iation of Constant Shaft Angle (Cont'd)
stall boundary measured by Landgrebe in Reference 6 at
similar conditions. The one difference between this data and
LandgrebeOs data is that while in LandgrebeOs data the most
delayed reattachment was in the neighborhood of T = 20 o , the
data for test point 18.11 shows reattachment somewhere
between 40 ° < T < 60 °, and for test point 18.10 at T = 30o
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3.8 Shaft Angle Variation at Constant Collective Pitch
(Test Points 18.12 to 18.16, _ = 0.29, VT = 285 fps,
e.75R = 9")
This was the last run of the test series and at this time
more instrumentation was lost.
The performance data is shown in Figure 44 and the measured
root flapping angle in Figure 45. The approximate stall
boundaries are shown in Figure 46, with little or no correla-
tion with Landgrebe's data, from Reference 6. Time histories
for the pressures measured at the 0.10c, 0.30c, and 0.80c
stations are shown in Figures 47 through 51. At this time
the transducer at the 0.05c station was no longer operating.
The test points taken at the lower thrust levels are of
limited interest since they show little indication of stall
and no sign of vortex shedding. However, at CT'/O = 0.124
(T.P. 18.15) and at CT'/U = 0.140 (T.P. 18.16) there are signs
of secondary vortex shedding at _ • 0 around _ = 210 ° , with
the main stall events occurring at _ = 260 ° and _ = 240 °
respectively. There appears to be a third vortex shed after
¥ = 320 ° . Actually, since there is no instrumentation at the
0.05c chord station, all the stall events snould be assumed
to occur before they are detected at the .10c chord station.
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3.9 Comparison with Theory
A comparison between test and theory was carried out for three
test points:
(a) Test Point 17.03, with no stall detected at the 0.75R
)pan station.
(b) Test Point 17.16, with incipient stall.
(c) Test Point 17.15, fully stalled.
Two tools were used for this comparison. The first is a mod-
ification of the Boeing Vertol B-67 articulated rotor analysis,
P-14. The second is the CO81 analysis, developed by the Bell
Helicopter Company.
! Flapping and normal force comparisons between theory and test
are shown in Figures 52 to 55 for test points 17.03 and 17.16.
No data is shown for test point 17.15 because correlation and
convergence were very poor. Some of the key performance
p_rameters are compared below.
Test Point 17.03 (_ = 0.336, VT = 500 f-_s)
Qq TATY TES___T B-14 C Sl
ss -19 ° -19 o -18 o
8. 75R 12.75 ° 13. 01 ° 12. 57"
_TPP -12 ° -12" -i0 °
CT'/_ 0.0675 0.0679 0.0806
X/qD'a 0.188 0.197 0.197
Test Point 17.16 (_ = 0.336, 9? = 500 fps)
QUANTITY TEST B-14 C-81
as -11.5 ° -11.5 o -11.5 °
®. 75R i0.45 ° 11.72 10.450
STPP "3.02 ° -3.16 ° -3.20 °
0.0976 0.099 0.0913
A/qn o 0.0842 0.1026 0.0782
" A modified B-67 isolated rotor analysis, B-14
nstraints and flapping balance requirements of
the teetering zotor, utilizing a well proven downwash formu-
lation and blade strip analysis. The B-14 analysis does not
include the elastic properties of the hlc_e or any unsteady
aerodynamic effects.
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3.9 Comparisqn with Theory (Cont'd)
Past experience, as discussed in Reference 2, has indicated
that in predicting model rotor performancP data full scale
sectional characteristics have to be use_. The performance
data has always been 5_ossly underestimated when model scale
sectional characteris&ics were used. For this reason the
c_nput_tions with the B-14 analysis were carried out with
full scale (25 inch chord) sectional data.
As far as the performance data is concerned, the correlation
betwe_n the B-14 theory and the test data was fairly good _or
the t.est points below s_all and at incipient stall. The
correlation at test conditions in full stall, however, was
very poor, as it could be expected since no unsteady aero-
dyn_nic effects were taken into account. For test points
17.03 and 17.16 rotor lift, shaft angle, tip path plane angle
and propulsive force were matched fairly closely. The ampli-
tude of the flapping angle (at the root) was also matched
qui_e well, and the only _iscrepancy with the measured
fl_pping was a phase shift of 20 ° to 30" Sn _Limuth, as
sh_n in Figures 52 and 54, indicating a discrepancy in the
8i_e force.
The correlation between measured and calculated normal forces
is shown in Figures 53 and 55. Such correlation was poor
over the retreating side, and this raisee the question of
whether the B-I, analysis predicted the corr6ct 8panwise
loading, or whether the integrated C_ values from the test
are actually more in error than by the ACN - 0.i to 0.2
value8 postulated in section 3.5. The B-14 analysis does
not make use of pitching moment characteristics, and therefore
no CM correlation could be made.
The B-14 analysis also predicted the proximity of 8 tip
vortex at the 0.75R station for 330 ° < Y < 360", and in fact
the integrated loads for test point 17.16 show an increase in
loading at y _ 33n" which would otherwise be attributed to
unsteady aerodynamic effects.
s. Th_ C-81 program has been developed by t_e
r Company to predict the performance of complete
helicopters. The analysis ha8 been formulated to handle
teetering rotors and the progra_ has built-in tables of the
sectional ¢halacteristics of the NACA 0012 airfo_!. The
analysis includes an approximation of unsteady aerodynamic
effects. Reference 8 cortains the progrmmuer°s, user's
and engineer's manual for the C-81 analysis.
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o 3.9 Comparison with Theory (Cont'd)
Two main obstacles were encountered in using this program to
t match the wind tunnel data in the present test. The first
obstacle is that the program has not been formulated
explicitly for isolated rotors, but rather for complete
iI helicopter configurations. Simulating an _solated model rotor
required assuming some kind of helicopter configuration and
actually trimming this configuration for flight at conditions
which would yield the desired rotor performance parameters.
( The second obstacle was the difficulty in achieving a conver-
gent solution at the _educed load levels of the model rotor.
The version of the C-81 program available at Vertol has the
convergence criteria adjusted for full scale loads. Only
after £he study was completed we were advised that the step
size for iteration convergence can be input.
Blade flapping angles from the C-81 program are compared to
the B-14 estimates and to the measured values in Figures 52
and 54. The two programs predict fairl I closely the flapping
amplitude, but both display the phase shift already mentioned
in discussing the correlation between B-14 and test data.
Such phase shift could actually be a wind tunnel effect.
The match in performance data between C-81 and test was not
as close as could be achieved with B-14 because of trim and
convergence difficulties. As a result rotor lift was over-
estimated by 16% for best point 17.03 and underestimated by
7% for test point 17.16. The fact that lift was overestimated
explains in part why in Figure 53 the normal force level
from C-81 is higher than both B-14 and test data (Test Point
17.03). In Figure 55, however, although the overall CN level
is higher than the test data, the C-81 prediction reflects
the loss in lift due to retreating blade stall.
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+( 4.0 CONCLUSIONS AND RECOMMENDATIONS
• The present test reconfirmed the fact that the flow over
a rotor blade both over the advancing and the retreating
side is essentially two-dimensional even in presence of
stall.
• This test reconfirmed also that unsteady aerodynamic
effects produce fluctuations in the sectional pressure
coefficients which are consistent with two-dimensional
data obtained in oscillating airfoil tests.
• The pressure coefficients measured over the full scale
Bell rotor blade in the NASA-Ames 40 x 80 ft. Wind
Tunnel were influenced by transducer acceleration loads
and were not in fact responding only to velocity
fluctuations in the flow field of the rotor.
• As observed at the 0.75R station, retreating blade stall
at low lift levels is characterized by a stall event
dominated by a single vortex shed from the leading edge
sweeping over the upper su:face of the blade. At high
lift levels a number of secondary stall events takes
place before and after the main stall. Each stall event
is associated with a separate shed vortex the influence
+ of which can be followed separately along the upper
surface. Up to four separate vortices have been observed.
• At the 0.75R span station, the teetering rotor in this
test was subjected to less flow separation than articu-
lated rotors at compa-able performance levels.
• The teetering rotor compared to the articulated rotor
was subjected to smaller excursions in angle of attack,
which resulted in smaller load excursions.
e The sequence of stall events observed on the articulated
rotor in Reference 2 seems to hold true for the teetering
rotor as well.
" In estimating chordwise pressure distributions the
pressure differential across the aft portion of the blade
section is more important than the individual absolute
pressures on each surface.
• Surface pressure measurements give _ good indication of
stall, but are not as effective as skin friction gages
in detecting flow realtachment.
9O
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4•0 Conclusions and Recg_n_uendations (Cont'd)
d
• The transducer mounting system seems to be acceptable,
but the measurement of absolutepressure distributions •
with blade mounted transducers remains to be done w_th
completely satisfactory _esults•
• A considerable amount of work is still necessary to i
• understand the role of Reynolds Numbers on unsteady aero-
dynamic effects•
• Additional testing will be necessary to determine stall
effects in conjunction with t},e degradation in pEopulsive 1
force both as a function of lift and advance ratio.
• A systematic investigation of tip vortex effects will be
necessary to separate vortex intersection effects from i
pure unsteady aerodynamic effects•
• Because of the instrumentatio_ problems encountered
during the present test the conditions for which
integrated data could not be obtained should be repeated.
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5.0 APPENDIX
DATA REDUCTION PROGRA$_ Y-54
Y-54 is a computer program developed to reduce data obtained
during tests involving the measurement of pressures over
rotor blades. Data from pressure transducers, blade motion
sensors, and blade loads gages are input to the program in
harmonic coefficient form, along with data characterizing the
rotor flight condition. These data are then operated on to
provide time histories of the rotor blade environment,
including: calculation of the bla_e element velocities,
pressure coefficients, angle of attack, blade position, and
blade motion. The integration of the pressure data utilizes
a trapezoidal technique.
Computation
The following calculations are made based on the harmonic
input data and the test run condition data. To simplify
presentation of these computations, the following ground rules
shall be used:
At any given test point, each piece of data can be represented
by a series of harmonic coefficients.
Let the steady term of the harmonic series be associated with
a subscript (o).
Let the remaining (i) terms of the sin (s) and cos (c)
coefficients of the harmonic series have the (ic) and (is)
subscripts.
Therefore, the test data can be characterized by the data
harmonic coefficients,
L'I
Let each data type be represented by an identification symbol.
Root Flapping Angle = ;_
Pressure
PAtch Link Load : PkPLL
k - subscript designating a particular x/c and
y/u transducer ioQation, k - 1 to 20
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; {" APPENDIX (Cont'd)
i Additional data defining test conditions required in the
i calculations are input to the program along with the harmonic
coefficients.
I. Flapping Deflection and Motion Normal to Disc Plane
.
1 •
/3-7_ _ (/_,cos_-,_o_,,vi,').-.,,,ai,,.,./s._2
'i _"- =--__(nO"(-A.,sJN_'_-_._cosS_'),.., Radians/S.c2
• /,,ml
II. Pitch Link Loads
Pzz.: P_o _,,(PU4s S_NiY?,_PLl_ccosi _r)
III, Determination of Three-Ouarter Radius Velocities and
Maoh No.
Up : nR X,-._R_-v. (coscG)(_,8,)(cos',9_ Ft. See.
Ur - ._SnR+ v. (s,,_r)(cosor.) .,,Feet See.
. v_=:[q/.uT'.]'k ~ ,..t/_.o.
Op- -.TSe/s"- v..(cos_,)(,_)(cos_,)
' +_(cos=,)(_ .,.))(n)(s,v_) VeetlS.c.
I
i 0,.. n(v.)(cos,r)(cos=s) ... Feet/see2 i
i, R/' = E--o._,,:_'¢r_,D-)"-,_._.)3_,o-" i
_ 93 iD
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" APPENDIX (Cont' d)
! IV. Determination of Reduced Frequency
c/L
_,- zv_c
V. Determination of Pressures
Vl. Determination of Pressure Coefficients
I •
. cp,,- (m'K)[._) _ v,_ A-=/,so
VII. Determination of Angle of Attack
Calculated:
o_=,_= e + T_N-'(Up/U_)
CN- C,_o
,, c_- c. e_-o" , (,_c.laal = ;_/:-o"
l
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APPENDIX (Cont'd)
Trapezoidal Integration
For the trapezoidal integration technique, the airfoil is
divided into various regions.
• a. For calculation of normal force and associated moments
b. For calculation of chord force and associated moments
The integration takes place where data is reconstituted and
uses the pressure coefficients of each transducer.
When the engineering approximation for missing data on the
aft of the airfoil is utilized, the program makes a series
of pressure coefficients as follows:
Program !nstructions for Including Engin_e_ing Approxima}ion
J
Make following pressure coefficients st the following (x/c,
y/c) coordlnatesz
:3
-.0623 .3 Lower Surface
-.0554 .5
-.0482 .6
-.03925 .7
-.0232 .85 Cpy : CPx,, :.'0 -X_mv_
-.0107 .95
- .004 1.0
95
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APPENDIX (Cent 'd)
y/c
• 004 1.0 Upper Surface
.0107 .95
.0232 .85 Cpy/c= CPx/cui, N =.#o_".0288 .80
Include these pressure coefficients in the set for integration
when the engineering approximation option is called,
Program Instructions for Doing Trapezoidal Integration
I. Upper Surface Program Instructions
(i) Sort transducers in ascending x/c order (y/c • 0):
include tranmducer at x/c - 0 made from the
differential pressurr at x/c - 0.05.
(2) Integrate (Cp) on upper surface from x/c - 0 to
last available transducer.
(3) Integrate _Cp)(x/c_ on the upper surface to get
moment due to upper surface•
If. Lower Surface Program Instructions
(1) Sort transducers in ascending x/c order (y/c < O)z
Include transducer at x/c - 0 made from differential
pressure.
(2) Integrate (Cp) on lower surface from x/c - 0 to
last available transducer.
(3) Integrate BCp)(x/c_ on the lower surface to get
mo_nt due to lower surface.
Ill. Front Surface Program Instructions
(1) Sort transducer into ascending order of ¥/c from
(y/o • O) to (y/c • O) for x/c • Card input |0012.
(2) Integrate (Cp) on front surface from -y/c to +y/c
over all transducers.
96
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APPENDIX (Cont'd)
(3) Integrate _Cp)(y/c_ on the front surface to get I
moment due to the front surface.
IV. Rear Surface Program Instructions
(1) Sort transducers into ascending order of y/c from
" (y/c • 0) to (¥/c > 0) for x/c _ Card input #0012.
(2) Integrate (Cp) on rear sur£_ce from -y/c to +y/c
• over all transducers.
(3) Integrate [(Cp)(y/c_ on rear surface to get
moment due to rear surface.
Normal Force Coefficient Calculation
, , i | i , ....
Subtract upper surface integrated pressure coefficients from
lower surface integrated pressure coefficients.
C N = CNLowa, --CN. _
Chord Force Coefficient Calculation
m Ill
Subtract right hand surface integrated pressure coefficients
from left hand surface integrated pressure coefficients.
Cc = Cc,,o._- Cc,_.
Momenta About Leadin_ Edge (Nose up +)
J
Subtract bottom surface integrated moment /¢p(_)d('/c)
. coefficients from upper surface integrated moment coefficients•
Add the above to the difference between the right hand
, integrated n_nent from the left hand surface integrated
momen t •
(c.,, - ), -c.,.,_ )
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TABLE IV SUNHARY OF REDUCED DATA
TEST u VT _SHAFT 6'75R CT'/o P/qO2aV "_" _TPP
POINT (fps)
I III •
14.03 .195 284 -0.5o 3.130 .0469 -.0649 0.70
.... 04 .194 286 0° 11.08° ,1377 -.4247 $,_o
06 ,405 283 -0.30 _.J3 ° .0570 -.0290 3.50
07 .381 287 -0.3 o 3.03 ° .0546 -.0288 2.8 e
08 .384 288 -0.30 8.150 .1234 -.1499 9,10
11 .188 285 -0.50 3.130 .0519 -.0687 1.1 °
13 .189 284 0 ° 11.29 ° .1396 -.437i 5.60
17_03 .336 500 -19 ° 12.750 .0675 .18155 .1879 -11.69 °
04 .335. 500 -16 ° 12.85 ° .0878 .)9307 .1548 -7,7o
05 .337 499 -13 o 12.80 ° .1023 .21629 .1146 -3.96 °
06 .336 500 -11 ° 12.750 .1119 .23698 .0762 -1.263 (
07 ,337 499 -80 12.750 .1278 .25181 .0007 2.970
08 .336 499 -80 9.930 .0977 .h128 -.21 °
09 .335 501 -60 10.03 ° .1084 -.0390 2,40
15 .335 501 -4 ° 8,7_ ° .]_2_ ,1778 -.0986 _,8 °
16 .336 498 -11.50 10,450 .0976 .18033 .0842 -3.10
17 ,335 501 -190 12.440 ,0755 .18033 .2015 -11,30
18 .335 500 -13 '_ 9.510 .0747 _5167 .1068 -6.250
19 .335 500 -60 3.030 .0750 .09579 -.0134 -.65 °
20 .336 499 0 _- 3.130 .0757 .05637 -.1224 4.60
18,04 ,332 500 -11,5 ° 0.450 .0977 ,17774 .08s2 I "3"1°
05 ,335 499 -13 ° 9.510 ,0754 .14932 .0981 ,6,4 °
06 ,336 498 -6 ° 6.160 .0760 .'39776 -.0165 -.4 °
07 ,143 284 -10.1 ° 8.990 .1014 3.0777 .8631 -7.0 ° t
08 .143 284 -10,1 ° 9.930 .1116 3.4083 ,_879_ -6,_5 °
09 ,143 286 -10.10 2.020 .1301 1.67_2 .989 -5.10
................ t
10 .143 285 -10,10 5.050 .1407 i6,0468 1.193 -4.070
11 ,143 284 -10,1 ° _1._0 ° .1625 9.60;7 1.235 .1.60
12 ,288 284 -16 ° 8.990 ,0643 .41679 ,1985 -10,70
13 • .288 284 -140 9.090 .0751 .41633 .1745 -8.30
14 .288 284 -12 ° 9.090 ,0859 .41596 .1334 -5,6 o
15 ,287 285 -40 8.990 ,1241 .43216 -.1078 4.40
16 ,288 284 0 ° 8.990 .1401 .4804 -.3201 9,20
98
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TABLE V CONDITIONS FROM TEST BVWT 054, RUN 28
TEST _ VT (zSHAFT 0 75R CT'/° _ X (XTPPJ
POINT (fps) (DEG) " q_'o, (DEG)
m i
3 0.35 500 -25.53 13.48 .OlO .107 .034 -24.43
{
4 -23.66 13.48 .018 .157 .072 -22.16
5 -19.16 13.48 .044 .243 .145 -16.46
6 -16.18 13.49 .065 .275 .164 -12.68
7 -14.93 13.48 .073 .281 .159 -ll.13
8 -I0.96 13.49 .096 .283 .If7 -5.76
9 -9.02 13.49 .105 .288 .083 -3.22
lO -6.95 13.49 .ll5 .294 .033 -0.35
II -4.95 13.50 .124 .294 -.028 2.35
12 P' P' -2.97 13.50 .133 .296 -.I04 4.90
?
i,
i,
?
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